Galactic cosmic radiation is acknowledged as one of the major barriers to human space exploration. In space, astronauts are exposed to charged particles from Z = 1 (H) up to Z = 28 (Ni), but the probability of a hit to a specific single cell in the human body is low. Particle microbeams can deliver single charged particles of different charge and energy to single cells from different tissues, and microbeam studies are therefore very useful for improving current risk estimates for long-term space travel. 2D in vitro cell cultures can be very useful for establishing basic molecular mechanisms, but they are not sufficient to extrapolate risk, given the substantial evidence proving tissue effects are key in determining the response to radiation insult. 3D tissue or animal systems represent a more promising target for space radiobiology using microbeams.
INTRODUCTION
In space, astronauts are exposed to protons and high energy and charge (HZE) nuclei in the galactic cosmic radiation (GCR). With the current plans for permanent planetary bases, in particular moon bases (Fig. 1) , the issue of space radiation protection is becoming increasingly important, involving large research programs sponsored by both NASA and ESA.
1) The energy spectrum of the GCR peaks near 1 GeV/n, and consequently these particles are so penetrating that shielding can only partially reduce the doses absorbed by the crew. Thick shielding poses obvious mass problems to spacecraft launch systems, and the reduction in the GCR effective dose would not exceed 25% using aluminum, or about 35% using the more efficient polyethylene. 1) Therefore, current shielding approaches cannot be considered as an effective solution for reducing exposure to space radiation with the exception of solar proton events, which are effectively absorbed by shielding. 2) During travel to Mars, every cell nucleus within an astronaut would be traversed by a proton or secondary electron every few days, and by an HZE ion about once per month. 3) Therefore, understanding the effect of a single ion traversal is crucial for understanding the long-term radiation risk from space travel. Microbeams have been instrumental in clarifying the role of bystander, or in general non-targeted radiation effects. 4) Determining the role of DNA damage vs. nontargeted effects has large implications for radiation shielding, mission duration, and approaches to countermeasure design (Fig. 2) . The DNA-target model predicts a linear response with uncertainties pertaining to the slope of res- Fig. 1 . Most national space station programs are now directed toward exploration, and a moon base is generally considered a first step. The new plan calls for the launch of large moon base modules on unmanned flights, which would be assembled by astronauts upon their arrival. Pictured above is a concept design for a new lunar rover: a portable habitat which would be pressurized and capable of trips as long as two weeks. During this long period, astronauts will be exposed to cosmic radiation and would not be able to escape into shelters in case of intense solar particle events (photo from NASA public relation office).
ponse as function of radiation quality and radiation sensitivity. The non-targeted model predicts shielding as ineffective and distinct targets for biological countermeasures. Microbream experiments are necessary to clarify these points.
RELEVANCE OF MICROBEAM EXPERIMENTS FOR SPACE RADIATION PROTECTION
Microbeam experiments can decisively contribute to reducing several areas of uncertainty in space radiation risk estimates. A few examples are provided below.
Single-particle late effects
A long-standing problem in radiation biology is predicting the fate of human cells exposed to a single particle traversal. This issue is relevant for understanding the risk of environmental radiation, because terrestrial exposure to radon gas results in no more than one α-particle traversal 5) to most of the bronchial cells. Early radiobiological modeling hypothesized that single charged particle traversal invariantly leads to cell death, but recent experiments with controlled numbers of particles directed to the nucleus 6, 7) have shown that a substantial fraction of cells can survive a single nuclear traversal, which can eventually cause late effects. However, a direct measurement of neoplastic transformation of murine C3H 10T1/2 fibroblasts after exposure to single α-particles accelerated by the Columbia microbeam showed no significant increase compared to the background.
7) Does this mean that single particle traversals are harmless in term of oncogenic transformation? Later results generated using microbeams showed that transformation can be enhanced in unirradiated cells through bystander effects.
8) The bystander effect can also be triggered by hits in the cytoplasm, 9) which are normally non-lethal, 6 ) and could be responsible for an increased oncogenic risk at low dose. This is of particularly relevance for interplanetary space missions.
10)
The issue of the "fate" of human cells exposed to single particle traversal remains open. Tests with heavy ions are particularly important for space applications because the probability of cell survival is lower after a single traversal, and bystander effects have not been clearly demonstrated in vitro.
11) The increased speed of the heavy ion microbeams 12) allows studies of specific mutations or chromosome aberrations in human cells exposed to a single heavy ion traversal, and will clarify issues relevant for space risk assessment.
Tissue effects of single traversals
There is now clear evidence that most late radiation effects are dominated by complex tissue responses, 13) rather than single-cell effects. The existence of long-range, organism response to localized radiation has been recognized by radiotherapists for many years, and is considered to be mediated by the immune response. 14) In contrast to radiotherapy, the energetic heavy ions in GCR can traverse the full range of an astronaut's internal organ, releasing a substantial amount of energy in a restricted but continuous area of the affected organ. This led to the hypothesis that HZE particles could induce "microlesions" in the tissue, 15) thus generating a unique type of damage. The current scaling law to extrapolate the risk from terrestrial radiation to space 1) would be ineffective if a unique type of HZE induced damage does in fact exist. The existence of microlesions is highly controversial, but microbeams could be an excellent tools to study this question. Artificial skin tissues have been already exposed to microbeams, allowing an accurate measurement of the extension of the bystander signal in a human tissue. 16) Organotypic human slice cultures (Fig. 3) , which can be kept alive for weeks after exposure, may represent a revolutionary approach to study correlated-tissue response to single heavy ions traversals.
17)

CONCLUSIONS
Microbeam studies can be very useful for reducing uncertainty in space radiation risk estimates. At the moment, only two heavy ion microbeams are available, one at GSI in Germany (Fig. 4) and the second at JAEA in Japan. Most of the results relevant for space radiation protection are expected to come from these two centers. However, many other microbeams can generate important results with protons and α-particles, also of interest for space radioprotection. The choice of the biological targets is arguably the most critical for the relevance in risk assessment. We contend that microbeam experiments must shift toward 3D-tissue models, or even animal models, to provide data that are highly relevant for risk modeling in space travel. Fig. 3 . Organotypic slice culture of the mouse hippocampus (original magnification: 10×). Note that the typical layers of the cornu ammonis and the dentate gyrus are well preserved in this slice after 14 days in culture. Using an advanced live-imaging setup, it is possible to observe the fate of individual cells for several weeks in situ. Here, propidium iodide was applied to the living slice to mark degenerating cells by bright fluorescence. An excitotoxic stimulus has been used in this example to induce neurodegeneration. Photo courtesy of Dr. Ingo Bechmann, University of Frankfurt. 
